As an alternative to calcium hydroxide used as a direct capping agent, calcium phosphate cement that consisted of tetracalcium phosphate and a-tricalcium phosphate (Te-CP/a-TCP) at different molar ratios was developed with a one-step method, in which heating was performed only one time. Alkalinity could be adjusted easily by changing the Te-CP/a-TCP ratio, whereby the mixing ratio of simple chemicals such as calcium carbonate and dicalcium phosphate dihydrate was changed.
INTRODUCTION
Calcium hydroxide, usually in combination with various ingredients, has been widely used as a direct pulp capping agent when vital pulp is exposed due to mechanical wear, carious or traumatic causes1,2) . Although the mechanism by which calcium hydroxide forms a dentin bridge is still under debate, it is clear that this agent destroys the underlying healthy pulp tissue because of its high alkalinity3-5) . However, strong chemical irritation and cellular toxicity of calcium hydroxide may cause internal resorption of the tooth root. In addition, adequate mechanical bonding may not be achieved between the material and dentin because of its extremely low mechanical strength and considerably high solubility.
Calcium phosphate biomaterials -such as hydroxyapatite (HA) 6,7) , B-tricalcium phosphate (B-TCP) 8) , mixture of HA and B-TCP9) , a -TCP10) , and octacalcium phosphate (OCP) -have been used for capping vital exposed pulp tissue, as a substitute to calcium hydroxide.
Except for OCP, these materials provided better dentinogenic effects than calcium hydroxide, although less dentinogenic effects have also been reported with HA11) and-TCPB-12,13). To date, no reproducible decisive results are available with these materials largely because of differences in experimental protocols such as the animals used and the observation period.
Since these materials were provided as powders and did not set when dressed on open pulp tissue, it was difficult to apply the powder over the pulp during operation -thus leading to inadequate sealing of terwards 12) Circumstantial evidence suggests that the presence of calcium is a prerequisite for dentin bridge formation14,15) Cvek et al. observed that calcium hydroxide dressed on monkey tooth pulp for only 10 minutes was as effective as when dressed for a longer time in terms of dentin bridge formation16), and that an inert material such as Teflon had no potential to induce dentin bridge formation.
Against this backdrop of circumstantial evidences and experimental findings, it would be ideal to develop a new capping agent that consists of calcium compounds, sets with moderate mechanical strength, and at the same time liberates hydroxyl ions to stimulate the tissue, if possible, till the onset of dentin bridge formation. Among calcium phosphates, tetracalcium phosphate (Te-CP) is basic and capable of setting when mixed with aqueous solution, regardless of its acidity or alkalinity17,18) . The pH of Te-CP-associated cement during and after setting could be adjusted easily, without affecting the setting ability, by adding acidic calcium phosphates such as a-tricalcium phosphatel7).
In the present study, a Te-CP/ a -TCP cement that set in a weak alkaline range was developed, by crushing sintered mass of Te-CP and a -TCP19) , which was obtained by heating mixtures of calcium carbonate and dicalcium phosphate dihydrate at varying molar ratios with the former phase being greater in amount20) . The physicochemical properties of this material when used as a direct capping agent were
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MATERIALS AND METHODS
Te-CP/a-TCP cements Mechanical mixtures of calcium carbonate (CC) and dicalcium phosphate dihydrate (DCPD) , with CC and DCPD at molar ratios of 3/4, 5/6 and 17/18, were heated at 1500°C for five hours.
In terms of calcium and phosphate elements, the sintered mass had 4/7, 6/11, and 18/35 molar ratios, which corresponded to 1, 2, and 8 in terms of Te-CP and a-TCP molar ratio. Synthetic apatite, prepared at 40°C, was added to the Te-CP and a -TCP mixtures as a setting accelerator at 5 wt % , and they were designated as 1CP, 2CP, and 8CP. Pure Te-CP and a-TCP were also prepared and mixed at Te-CP and a-TCP molar ratios of 1, 2, and 8. A solution of 1 M sodium dihydrogen phosphate was used as the liquid, and the three cements -1CP , 2CP, and 8CP -were mixed at a liquid and powder ratio of 0.6 (ml/g) .
Diametral compression strength
Samples for diametral compression strength were prepared by introducing the cement paste into metal molds 6 mm in diameter and 3 mm in height. After 60 seconds, the samples were unmolded and immersed in distilled water at 37 °C for 24 hours. Diametral compression (DC) strength was measured on wet specimens. For each measurement, a minimum of 10 samples were tested using a universal testing machine (Strograph W, Toyo Seiki Seisaku-syo, Tokyo, Japan) at a cross-head speed of 0.5 mm/min and the results were expressed as mean ± standard deviation (SD) . Differences in DC strength of the three types of cement, 1CP, 2CP and 8CP, were evaluated by analysis of variance. Bonferroni's test was performed post hoc. Level of statistical significance was defined as p< 0.05.
Dissolution and/or precipitation behavior in simulated body fluid The 1CP, 2CP, and 8CP samples unmolded after 60 seconds were immersed in 10-ml vials containing revised simulated body fluid (R-SBF) 21), stoppered, and shaken gently at 37 °C in a water bath. The pH of the solution was measured at 1, 3, 7, 14, and 28 days. At each time interval, solutions were filtered with 0.2-i m cellulose filters and analyzed for calcium by ion-exchange chromatography and phosphate by a molybdate method, as previously described22) . The composition of the solution thus obtained was further analyzed using chemical potential plots as described in a previous study23) . In the potential plot analysis, calcium and magnesium carbonate ion-pair associations were taken into account.
The thermodynamic solubility products for dicalcium phosphate dihydrate (DCPD; Ksp = 2.34 X 10 -7 ) , octacalcium 1A-b) , and 17/18 ( Fig. 1A-c) , and mixtures of Te-CP and a -TCP at molar ratio of 1 ( Fig. 1B-a) , 2 ( Fig. 1B-b) , and 8 ( Fig. 1B-c) . There was close similarity between the diffraction patterns of the corresponding pairs, for example Figs. 1A-a and 1B-a, suggesting that Te-CP/a-TCP cement could be prepared by crushing sintered mass of CC and DCPD. Fig. 2 shows the diametral compression (DC) strength of 1CP, 2CP, and 8CP specimens after immersion in distilled water at 37 °C for one day. Fig. 3 shows the pH variations of distilled water (Fig. 3A) and R-SBF solution (Fig. 3B ) to which 1CP, 2CP, and 8CP specimens were introduced.
Calcium hydroxide specimens were also included for comparison.
With distilled water, solution pH steeply increased and reached 8.8 ± 0.2 for 1CP, 10.6 ± 0.2 for 2CP, and 11.1 ± 0.05 for 8CP after one-day immersion.
With time, pH continued to increase for each cement specimen, although the pH increase per day was greatest for 1CP. In contrast, for calcium hydroxide, solution pH reached 12 ± 0.05 immediately after the specimen was introduced into distilled water and remained the same till the end of immersion.
In contrast, with R-SBF solution, solution pH did not change in any appreciable extent, except for calcium hydroxide.
With calcium hydroxide, pH variation in R-SBF was essentially the same as that in distilled water. Fig. 4 shows the calcium (Fig. 4A) and phosphate ( Fig. 4B) concentrations of R-SBF solution in the presence of cement specimen as a function of immersion time period. Except for a few time points, both calcium and phosphate concentrations decreased with time. It is of interest to note that phosphate concentration exceeded 1.0 mM -which was the initial phosphate concentration of R-SBF, thereby indicating the release of ions. On the other hand, calcium concentration was lower than 2.5 mM -which was the initial calcium concentration of R-SBF, thereby indicating the uptake of ions.
Taken together, the release and uptake of ions suggested that dissolution and precipitation took place simultaneously. Concentrations of (A) calcium and (B) phosphate in R-SBF as a function of time after 1CP, 2CP, and 8CP samples were introduced at 37 °C . Note that the initial calcium and phosphate concentrations in R-SBF were 2.5 mM and 1.0 mM respectively, and that for either calcium, phosphate, or both, being lower or higher than the initial value at any time indicates dissolution or precipitation of the sample. Many studies suggested that strong alkalinity was not necessarily required to induce dentin bridge formation, and that calcium hydroxide-associated materials with lower pH have been demonstrated to induce dentin bridge formation without a visible necrosis zone24-26). The concept of alleviating irritation associated with use of capping agents was partly confirmed by Cvek et al., who clearly showed that calcium hydroxide dressed on monkey tooth pulps for only 10 minutes was as effective as when dressed for a longer time in terms of dentin bridge formation16). Such a view was also supported by a finding by Yoshiba et al. that an a -TCP-associated capping agent containing 1% calcium hydroxide was capable of inducing dentin bridge formation without excessive destruction of underlying pulp tissue in monkey teeth27). In their study, paste pH steeply decreased from an initial value of 12.4 to 8.0 within two hours after the specimen was introduced into saline at 37 °C , and finally reached a value of 6.6 at 24 hours27). Gorden et al. 28 ) suggested that with calcium hydroxide, calcium ions and alkaline pH could have contributed either separately or synergistically to its success, and that a mildly alkaline environment was very important for the activities of alkaline phosphatase and lactic dehydrogenase.
As an alternative to calcium hydroxide, tetracalcium phosphate (Te-CP) was used in the present study.
Since Te-CP is an alkaline salt and its alkalinity is comparable to that of calcium hydroxide when dissolved in water29) , it was combined with acidic a-tricalcium phosphate (a-TCP) to provide the mixture with a mild alkalinity, instead of using Te-CP alone.
Te-CP and a-TCP mixtures can be prepared by mechanically mixing the two phases that are prepared independently. However, another method was employed in this study where Te-CP and Te-CP/ a -TCP CEMENT FOR PULPOTOMY a-TCP mixtures were prepared by simply crushing sintered samples of mixed calcium carbonate and dicalcium phosphate dihydrate.
As shown in Fig. 1 , the diffraction patterns of sintered samples -of which the calcium and phosphate molar ratios were 4/7, 6/11, and 18/35 -were essentially the same as those of mechanical mixtures of Te-CP and a -TCP at molar ratios of 1, 2, and 8. This finding clearly suggested that Te-CP and a -TCP mixtures could be easily prepared with a one-step method, in which heating was performed only one time. Since both Te-CP and a -TCP are stable phases at higher temperatures, any calcium phosphate mixture will end its production of Te-CP and a -TCP after heating at 1500C15) Assuming that only Te-CP and a -TCP were present in sintered samples, sintered samples having calcium and phosphate molar ratios of 4/7, 6/11, and 18/35 could be regarded as Te-CP and a -TCP mixtures at molar ratios of 1, 2, and 8 respectively, as clearly demonstrated in Fig. 1 . When evaluating the packability and scaffolding effect of a capping agent, its mechanical properties are an important criterion since it is applied to protect pulp stumps.
The diametral compression (DC) strength of the present Te-CP/a-TCP cement (Fig. 2) was much lower than the reported value for zinc oxide-eugenol cement19) . All the specimens tested were wet and not dried out before DC measurement, which could be one reason for this weakness. The DC strength, however, appeared to be clinically acceptable and was found to be strong enough for capping the pulp wound20)
Paste pH is also another important factor when evaluating the biocompatibility of pulp capping agents.
After mixing with 1 mol/L sodium dihydrogen phosphate solution, the alkalinity of Te-CP and a-TCP cement increased as the amount of Te-CP increased in the cement composition. Paste pH also varied with the environment to which the cement specimen was introduced.
With distilled water in which no buffer action was expected, each cement specimen showed moderately lower alkalinity than calcium hydroxide as shown in Fig. 3 . As discussed above, alkalinity increased as the amount of Te-CP increased and 8CP showed the strongest alkalinity among the three cements, 1CP, 2CP, and 8CP. R-SBF solution, which was used to simulate tissue fluid in dental pulp and to which the cements were introduced, had a similar concentration in inorganic constituents to human blood plasma. Though R-SBF solution was adjusted to a pH of 7.4 with 50 mM HEPES buffer, the pH of the solution never exceeded 8.0 in the presence of any cement specimen -1CP, 2CP, or 8CP -even after 28 days of storage.
In contrast, with calcium hydroxide, the pH of R-SBF reached almost 12.0 on day 1 and remained at that value till the end of immersion, suggesting that the buffer action of R-SBF did not work in the presence of calcium hydroxide.
These findings clearly suggested that the alkalinity of Te-CP/ a -TCP cement would never exceed that of calcium hydroxide.
An increase in pH with time, as observed in distilled water as well as in R-SBF, indicated that hydroxyl ions were liberated from the sample -thus suggesting that some kind of sample dissolution took place. Phosphate concentration of R-SBF at days 1 and 3 was higher than the initial value of 1.0 mM in the presence of any Te-CP/ a -TCP cement, implying that the sample dissolved to some extent.
On the contrary, calcium concentrations on the same days were always lower than the initial value of 2.5 mM, suggesting that compounds containing calcium precipitated and dissolution did not take place. After 14 days, however, both calcium and phosphate concentrations were lower than their initial values. These findings indicated that some calcium phosphate precipitated and precipitation exceeded dissolution. To confirm whether cement samples were dissolving or that some precipitation took place in the R-SBF system, thermodynamic analysis was carried out. Solution composition of R-SBF in the presence of any Te-CP/ a -TCP cement moved toward the solubility lines of OCP, TCP, and HA with time. This thermodynamic analysis strongly suggested that the cement sample will not dissolve in an environment where calcium and phosphate ions are present -like in dental pulp tissues to which the sample will be applied, and therefore sealing ability will not diminish because of dissolution.
As shown in Figs. 7 and 8, the precipitating phase in R-SBF solution in the presence of the cement was apatitic and contained carbonate. In this regard, flake-like substances observed by SEM at 28 days were probably carbonatecontaining apatite crystals. Close examination of SEM images indicated that the crystals were entangled with each other.
The difference in crystal size might influence the efficacy of entanglement, which in part explained the decrease in DC strength in the order of 1CP > 2CP > 8CP.
